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The interpretation of ultrasonic signals in the inspection 
for flaws in bonded regions of multilayered specimens is difficult 
because of signal energy loss due to material attenuation, un-
desired reverberations within certain layers, and overlapping 
responses from different interfaces because of finite transducer 
bandwidth. The flaws are usually air gaps, lack of adhesion, and 
porosity within the bonding agent. 
While ultrasonic NDE signal interpretation can always be im-
proved with appropriate instrumentation -- broader bandwidth trans-
ducers for increased resolution, for example -- signal processing 
allows for further enhancement using a digital computer. Material 
attenuation can be compensated for by using digital filters that 
preferentially allow the higher frequency components in the ultra-
sonic signal, similar to "preemphasis" filters used in communica-
tions. Deconvolution of signal response broadens the effective 
bandwidth of the transducer and can be used to minimize dominant 
reverberations within a layer. The use of the cepstrum -- a rela-
tively new signal processing method -- allows for the separation 
of overlapped responses which are visually difficult to separate. 
The use of these signal processing methods is demonstrated 
for inspecting bronze-rubber structures with a small layer of 
epoxy in between. 
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ULTRASONIC DATA COLLECTION 
Overview 
Ultrasonic data were collected from bronze-rubber specimens 
in water-immersion and contact-testing modes. Most of the data 
were collected using a 5 MHz transducer and in pulse-echo con-
figuration. To insure repeatability of experiments several 
"header" parameters were recorded with each wave which related 
to the instrumentation, experimental conditions, specimen des-
cription, AID converter specifications and other observable con-
ditions. The waveforms were recorded on a desktop computer and 
transferred to a mainframe computer. 
Bronze-Rubber Specimens 
Each sample mult ilaye red s pe cimen was 10 cm (4") by 2.5 cm 
(6") in surface dimensions. The bronze and rubber thicknesses 
were, respectively, 0.6350 and 0.3175 cm. These were designed 
specifically so that an acoustic wave would have approximately 
equal transit times, i.e., the acoustic velocity in bronze is 
nominally twice that in rubber. The rubber was available under 
the trade name DEADBEAT. The rubber-bronze layers were sealed 
with an epoxy whose trade name was ELASTOLOCK. The epoxy thick-
ness in the specimens varied from 0.080 to 0.003 cm, however it 
was not uniform over the surface contact area. Although there 
were no samples with an intentional flaw, some specimens had in-
complete epoxy contact between rubber and bronze. The bronze 
surface was machine finished while the rubber surface was suf-
ficiently rough. A photograph of a sample specimen is shown in 
Figure 1. Data were also collected from rubber and bronze spe-
cimens individually to determine material attenuation, reflection 
coefficient at the interfaces and phase velocity. 
Apparatus and Ultrasonic Data Collection 
Figure 2 shows a schematic of the data flow from collection 
to acquisition and finally to data transfer and processing to a 
main frame computer. Data collection was performed with specimen 
immersed in a water tank. The transducer, also immersed, could 
be moved in three axes to obtain normal incidence to specimen. 
An MP-101, MetroTek pulser-receiver was used to amplify the 
return signal, which could be displayed on a T7854 Tektronix 
oscilloscope. This was also a data acqusition unit and had a 10 
bit dynamic range and 1024 words of memory. The sampling rate was 
adjustable and for the experiments was set at 51.2 MHz, i.e., ten 
(10) times the center frequency of the transducer. The time-band-
width product of the AID unit was fixed, at 512, however, 
increasing sampling rate would cause a decrease in window duration 
and vice-versa. The data were then transferred to cassette tapes 
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Figure 1. Bronze Rubber Multilayered Specimen. 
on an HP-9825 minicomputer from the recorder buffer memory. The 
pulser was usually set at maximum allowable damping for the broad-
est signal bandwidth. This meant reduced energy into the material; 
sometimes a compromise had to be made. The receiver gain could 
also be adjusted for overall maximum dynamic range utilization. 
SIGNAL PROCESSING 
Filtering 
Both time domain and frequency domain filtering methods were 
employed on these data to minimize the effects of broadband noise. 
A Finite Impulse Response (FIR) filter was designed in the time 
domain. Advantages of such a filter are: easy computer implemen-
tation and nonrecursiveness of filter output, extremely sensitive 
band-pass and band-reject characteristics which can be selected at 
the user's discretion, linear phase filter impulse response result-
ing in very little distortion in the filtered output, and the 
ability to "downsample" Le., effect sampling at lower rates, more 
effectively than with conventional filters [2]. 
An FIR bandpass filter, designed to pass all frequencies be-
tween 8% and 20% of the sampling frequency was applied on data 
collected from a bronze-rubber specimen. Figure 3 shows the pulse 
echo response from such a specimen. The center frequency of the 
transducer used was 5.0 MHz. The sampling rate was 50.0. MHz. 
Each major pulse in the trace is an additional transit through the 
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TIME SERIES 
Figure 3. Original Trace. 
FREQUENCY 
RESPONSE 
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top bronze layer. The returns from the epoxy-rubber and rubber-
water interfaces are either merged with the major pulses or at the 
tail end of each pulse. The presence of high frequency noise can 
be seen in the entire trace and is revealed in the spectral plot 
shown in Figure 3. The filtered trace using the FIR band pass 
filter is shown in Figure 4. It can be seen that the phase rela-
tionship of the signals is well preserved (compare to raw data in 
Figure 3), with a reduction in the high frequency noise. 
The performance of the FIR filter was compared with a conven-
tional FFT filter [3] wherein bandpass filtering was achieved in 
the frequency domain. For FFT filtering, the input signal is 
transformed into the frequency domain via an FFT algorithm. The 
signal is then bandpassed filtered and Hanning windowed. The 
resulting output is then inverse transformed back into the time 
domain. The FFT filtered trace is shown in Figure 5. It can be 
seen that while high frequency noise has been reduced the number 
of cycles in each signal is more in the filtered trace. This is 
because of ringing introduced by FFT filtering, which is reduced 
somewhat by the Hanning window, but not fully suppressed. Each 
return has more cycles in the filtered trace than in the original. 
The effect of additional cycles in the signal is that the phase 
relationships are altered, and thus any change in phase because of 
a flaw (or gap instead of an epoxy layer, for example) may not be 
faithfully, preserved. 
To compensate for frequency-dependent attenuation due to 
rubber, a preemphasis filter was designed. The attenlmtion model 
was log linear, i.e., the difference in log spectra, for equal 
distances, was dependent linearly in frequency [1]. The negative 
slope was inversely proportional to a parameter defined as the 0, 
which was material dependent. High 0 materials are less attenua-
tive than low 0 materials [41. 
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Figure 4. Fir Filtered. RESPONSE 
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RESPONSE 
Figure 5. Conventional Filtering. 
An example of this application is shown in Figure 6. The 
front and back surface signals from rubber immersed in water are 
shown on top; the transducer was rated at 5.0 MHz and the sampling 
rate was 100 MHz. The front and back surface signals should be ~ 
radians out of phase alignment because the front surface reflec-
tion occurs at the water-rubber interface and the back surface 
at the rubber-water. While the first motion in the front surface 
signals is easily discernible as negative-going, the corresponding 
positive going first motion is not clear in the back surface 
signal. Also there are more cycles evident in the front surface 
return than in the back surface return. If there were no frequen-
cy dependent attenuation, the signals should be exact replicas of 
each other, except for a ~ radian phase shift. To compensate for 
the attenuation loss suffered in rubber the back surface signal 
was frequency-compensated to produce the signal at the bottom in 
Figure 6. It can be seen that the compensated signal and the 
front surface are opposite in phase and are more similar -- as 
they should be if there were no frequency dependent attenuation. 
The advantage of frequency compensating filtering is that phase 
relationships can be very accurately restored and hence changes at 
the interface (i.e., flaws) can be easily monitored. 
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1 2 
WATER 
FRONT SURFACE BACK SURFACE 
COMPENSATED BACK SURFACE 
Figure 6 . Frequency-Compensating Filter. 
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Deconvolution 
Deconvolution has been used traditionally to computer enhance 
bandwidth for additional resolution [5]. This will enable one to 
separate two overlapped signals such as those received from the 
front and back surface of epoxy. If the epoxy thickness is 0.5 
mm, for example, then the round trip transit time for an ultra-
sonic pulse is 0.36 fJ,S (velocity: 2.75 mm/fJ,s). In other words, 
the pulse 3 dB bandwidth should exceed 2.75 MHz (1/0.36 MHz) to 
visually separate the two interfaces. In addition, the pulse 
duration should be less than 0.36 fJ,S, which was often not attain-
able; it was typically 0.80 fJ,s. 
Deconvolution can be implemented in time domain as well as in 
the frequency domain, although the latter implementation is more 
widespread [5]. Two signals are required. The first is the signal 
to be deconvolved and the second a reference signal whose charac-
teristics should include everything that is to be removed in the 
first. Usually the reference signal is a backwall echo which is 
characteristic of the transducer frequency response. 
While enhancing resolution is desirable, deconvolution can be 
further used in eliminating the bronze reverberations as much as 
physically possible, i.e., dereverberating the bronze series. The 
scheme for this procedure is shown in Figure 7. The signal con-
sists of the reflection series due to bronze (IBR) plus everything 
else (called IREST); both are convolved with a transducer signal. 
The reference in this case consists of the bronze reverberations 
which is obtained by collecting the data from a bronze block of 
identical dimensions. The resulting deconvolved spectrum will 
consist of two terms: one which is all pass (which is 1), the 
other is approximately the ratio of spectrum of IREST and IBR. 
By filtering the all pass contribution (which is an impulse at the 
origin), and multiplying the resultant with the reference series, 
the series due to the bronze will have been eliminated, theore-
tically. 
The results of deconvolution and dereverberation are shown in 
Figure 8. The original and deconvolved are shown in the top. The 
de reverberated signal wherein the bronze reverberations have been 
eliminated is shown at the bottom. It is evident that in the 
original trace the signal consists of reverberation within bronze 
while the returns from the lower layers are completely submerged 
in the tail end of the bronze reverberations. (Labeled 1, 2, 
etc.). After deconvolution the echoes labelled A, B, etc. are 
more evident as a result of the enhanced resolution. The smaller 
amplitude of the signal testifies to the fact that a significant 
portion of the energy is trapped within the bronze layer. Elimin-
ation of the bronze series in the dereverberated series shown at 
the bottom is validated by two observations: 
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Figure 7. Deconvolution of Bronze Reverberations. 
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Figure 8. Minimization of Bronze Reverberations . 
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o the amplitude scales on the bottom plot are an order of 
magnitude less than that in the deconvolved series. 
o the rate of decay of pulses in the dereverberated series 
do not fit the pattern of decay observed for the original 
bronze series. 
In summary, therefore, deconvolution and dereverberation 
greatly enhance the SiN ratio and minimize unwanted dominant re-
verberations. 
Cepstral Filtering 
The cepstrum -- a relatively new method -- has been demon-
strated on sonar, radar and image processing applications for 
separating two or more overlapped responses [6]. The basis for 
the cepstrum lies in the fact that when two signal echoes are 
combined then the composite signal can be modeled as a convolution 
of primary signal with a pair of impulses: one at the origin and 
another at a time delay corresponding to echo arrival time. The 
complex FFT of this composite signal will be the multiplication of 
the primary signal FFT and FFT of the impulse sequence; the 
latter impulse produces a cosinusoidal ripple in addition. The 
logarithm of the FFT is taken to separate these multiplied com-
ponents. The components are now additive. This transformation 
is the cepstrum and standard linear filter procedures can be used 
to remove anyone of the two components. 
Its relevance to multilayered NDE lies in the fact that re-
turns from the bronze-epoxy and epoxy-rubber interface will over-
lap because of finite bandwidth, making visual separation diffi-
cult. If there were a flaw, such as delamination at the second 
interface, then a change in that signal characteristic will not be 
easily discerned. By being able to separate out the two responses 
the amplitude and spectral characteristics can be monitored to 
determine presence of disbond in the lower layer. 
Figure 9 shows the results after processing the first major 
signal observed in Figure 3. The FIR filtered data are shown on 
top of Figure 9. The bottom two figures show the recovered 
bronze-epoxy and epoxy-rubber interface signals. The peak-to-peak 
amplitude of the first is 8.67 units, for the echo it is 0.61. 
The amplitude ratio between echo and primary is 0.071 which should 
be approximately equal to the ratio of the reflection coefficients 
at the two interfaces. The theoretical acoustic parameters for 
bronze-epoxy and rubber are summarized below: 
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RECOVERED SIGNAL 
(BRONZE·EPOXY) 
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~ .:: '.;~\, •• :~ BRONZE ====:: ~~~~~R 
FIR FILTERED 
RECOVERED ECHO 
(EPOXY·RUBBER) 
RATIO OF MEASURED AMPLITUDES: 14.13 
RATIO OF REFLECTION COEFFICIENTS: 12.55 
Figure 9. Cepstrum Processing. 
Reflection coeff. at epoxy-rubber = 
Reflection coeff. at bronze-epoxy 
Ratio of reflection coefficients: 
0.0688 
-0.8624 
0.0688 -0.0797 
-0.8624 
Measured ratio of amplitudes 
-0.0710 
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The negative ratio indicates a phase reversal. The ratio of re-
flection coefficients matches closely that measured and the phase 
reversal is also validated in the recovered echo. 
Further proof that the recovered signals were true replicas 
was provided by cross correlation between the two. The peak value 
was 93% at 0.7 mm from the original. This indicates good correla-
tion and fairly accurate epoxy thickness. 
SUMMARY AND CONCLUSIONS 
It has been demonstrated that digital filtering can reduce 
system noise and yet preserve signal phase relationship for NDE of 
bronze-rubber multilayered structures. In addition filtering can 
be used to compensate for material attenuation, especially in 
rubber. Deconvolution of the signal increases system resolution 
and can also be used to minimize the effects of strong reverbera-
tions within a layer. Finally, it was shown that the cepstrum can 
be used to separate overlapped responses from thin interfaces so 
that the individual interface signals could be monitored for am-
plitude and/or phase changes due to flaws. 
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